Fuel sensing and appetite are controlled by the hypothalamus. 4 Hunger is regulated by the hypothalamus in conjunction with an integrated network of other brain regions such as the striatum, orbitofrontal cortex, amygdala, and insula, which control motivation-reward systems associated with the hedonic drive to eat. 4 Intraventricular administration of fructose provokes feeding in rodents, whereas centrally administered glucose decreases food intake via differential effects on hypothalamic malonyl coenzyme A-signaling pathways. 12 How brain regions associated with fructose-and glucosemediated changes in animal feeding behaviors translates to humans is not completely understood. New technologies are available to facilitate translation of animal to human studies. Functional magnetic resonance imaging (fMRI) provides a noninvasive way to assess the effects of glucose and fructose ingestion on regional cerebral blood flow (CBF), an indirect marker of neuronal activation. It is known that glucose ingestion decreases hypothalamic activity in humans. [13] [14] [15] It remains unknown what the effects of fructose ingestion are on the homeostatic and brain reward circuitry or its influence on functional connectivity between the hypothalamus and other reward regions in the brain.
We hypothesized that fructose ingestion results in greater hypothalamic activity (measured as blood flow) than glucose ingestion. Fructose and glucose might result in differential activation of other brain regions. Similarly, fructose and glucose ingestion might differentially affect circulating levels of the satiety hormones GLP-1 and insulin. To examine these questions, we used pulsed arterial spin labeling and resting-state fMRI to investigate the brain response to acute ingestion of equal quantities of fructose and glucose in healthy volunteers. Studies in rats were performed to demonstrate the ability of fructose to cross the blood-brain barrier and to determine if the hypothalamus can transport and metabolize fructose.
METHODS Human Neuroimaging Studies
Participants. Twenty (10 men,10 women) normal-weight healthy volunteers without diabetes and with a mean age of 31 (SD, 7) years participated in this study (TABLE 1). Participants were recruited by posting advertisement flyers in the New Haven area. Participants were excluded if taking medications known to alter metabolism, and they must have maintained a stable weight for at least 3 months prior to participation. Women participants were studied during the follicular phase of their menstrual cycle. The protocol was approved by the Yale University Human Investigation Committee. All participants provided informed, written consent before participation in the study.
Experimental Protocol. Volunteers underwent 2 MRI sessions together with ingestion of either a fructose or glucose drink in a blinded, randomorder crossover design. The order of the drink types was randomized. A blockrandomized, computer-generated sequence was developed and kept by the study statistician. Allocation of assignment was conducted on the morning before the first test day. The time between the 2 sessions was between 1 week and 2 months. Weight was measured and diet assessed at both sessions to ensure that these variables remained stable between sessions.
Participants arrived at the Yale Magnetic Resonance Research Center at 8 AM after an overnight fast. MRI was performed using a 3-Tesla Siemens Trio scanner (Siemens Medical Systems). A catheter was placed in an antecubital vein for blood sampling prior to initiating the study. Participants underwent baseline MRI acquisitions, including pulsed arterial spin labeling to determine regional CBF and blood oxygen leveldependent fMRI sequences to determine functional connectivity. Subsequently, they drank 75 g (300 kcal) of either sugar in 300 mL of cherry-flavored water, followed by a 60-minute postdrink acquisition and blood-sampling period. To assess the effect of fructose and glucose ingestion on appetite, participants completed a visual analog scale (score range, 0 to 10) before and after the scan. Participants rated feelings of hunger, satiety, and fullness on a scale from 1 to 10, where 1 was "not at all" and 10 was "very much." Prior studies have demonstrated good reproducibility and validity of visual analog scale scores for assessing subjective sensations of hunger and satiety. 16 Blood samples were obtained for measurement of plasma glucose, lactate, insulin, leptin, ghrelin, peptide YY (PYY), and GLP-1 levels at baseline (before drink ingestion) and at 10minute intervals during the MRI sessions. Samples were obtained for measurement of plasma fructose levels at baseline and at 15, 25, and 65 minutes following glucose and fructose ingestion.
The prespecified primary outcome was relative changes in hypothalamus cerebral blood flow in response to acute glucose vs fructose ingestion. Secondary outcomes included (1) functional connectivity analysis to investigate brain regions with MRI signal responses that were correlated with the hypothalamic response; (2) use of wholebrain analyses to explore brain areas with relative increases or decreases in regional CBF; and (3) changes in systemic hormone levels and ratings of hunger and satiety in response to the acute ingestion of fructose and glucose.
Multiparticipant Analysis. A standard whole-brain template (Montreal Neurological Institite [MNI] 1-mm) was used for participant spatial normalization of the individual data. Participant integration and registra- 17 for the images under fructose and glucose conditions. The 2 transformations calculated and used in multiple subject integration are included in the eMethods available at http://www.jama.org. Voxel-wise contrasts between conditions were estimated in the common space on the pooled participant data using a t statistic to test for differences in the regional CBF response to glucose and fructose ingestion. Maineffect group contrast maps were performed separately for each condition (fructose and glucose) by subtracting after-drink from before-drink ingestion at a significance threshold set at P Ͻ .05, 2-sided, with family-wise error (FWE) whole-brain correction. Another group comparison map was performed comparing glucose with fructose conditions (P Ͻ .05, 2-sided, FWE whole-brain corrected). The association of changes in circulating hormones with brain CBF response to fructose and glucose was assessed using whole-brain, voxel-based correlation analyses.
Functional connectivity analysis was performed to assess brain regions that are temporally and thus functionally related. 18 The hypothalamus was selected as the seed region to assess connections between the homeostatic control region with other regions involved in the regulation of feeding behavior. Significance threshold was set at PϽ.05, 2-sided, with FWE wholebrain correction. Details on imaging procedures, parameters, and analysis (preprocessing of images and calculation of CBF) are reported in the eMethods.
An a priori region-of-interest analysis of the hypothalamus regional CBF response to fructose and glucose was conducted using a mixed-model repeated-measures analysis (PROC MIXED; SAS version 9.2, SAS Institute Inc). Fixed factors in the model included drink type (glucose vs fructose), time (before vs after ingestion), and period (ie, first or second session) and their interactions. Interactions with period were used to evaluate whether the order of receiving glucose or fructose modified the differences between glucose and fructose. No significant ordering effects were observed. A random effect for participant was included to accommodate correlation between repeated measures. A linear contrast with a significance threshold of .05 was used to compare changes from before to after ingestion between glucose and fructose conditions. The time series were collapsed across the 1-hour period (ie, CBF difference maps to glucose or fructose ingestion averaged across the 5 runs postdrink vs baseline predrink run).
Our power calculations are based on our prior study, 19 which showed a difference in hypothalamus CBF between 2 conditions, euglycemia and hypoglycemia, at an effect size (ratio between the mean difference and the pooled standard deviation) between 0.72 and 0.96. A sample size of 18 participants was required to detect a standardized effect of 0.72 at the 2-sided PϽ .05 significance level with a power of 80%. Twenty participants were enrolled to accommodate a 10% dropout. Given that this was an exploratory study, the clinical significance of the results is uncertain.
Laboratory Analysis. Plasma glucose levels were measured by an enzymatic reaction using glucose oxidase (YSI Inc). Plasma insulin, ghrelin, PYY (total), and leptin levels were measured with double-antibody radioimmunoassay (Millipore). GLP-1 (active) assays were performed by Millipore services using enzymelinked immunosorbent assay. Plasma fructose levels were measured using gas chromatography-tandem mass spectrometry. Area under the curve was calculated for metabolites and hormones using the trapezoid method. Plasma metabolite and hormone levels were analyzed using the mixed-model repeatedmeasures analysis. The models included fixed effects for drink type, time (0, 15, 25, 35, 45, 55, and 65 minutes), and period, along with their interactions. A random effect was included for participant along with a first-order autoregressive covariance pattern that was allowed to vary with drink and period. Linear contrasts were used to compare glucose and fructose conditions at each individual time point. P values were adjusted for multiple comparisons using the Bonferroni correction.
Behavioral Ratings Analysis. The effect of treatment (ie, fructose and glucose ingestion) on appetite ratings was calculated by subtracting the score in the fasted state from the score after ingestion. The change in appetite score was analyzed using a mixed-model repeated-measures analysis. Fixed factors in the model included drink type, period, and their interaction. Conditions were compared with a significance threshold of PϽ .05.
Animal Studies
In a series of complementary studies in rodents, we infused fructose peripherally and used microdialysis to measure fructose concentrations in hypothalamic extracellular fluid as a means to assess whether fructose crosses from the blood into the brain and, more specifically, into the hypothalamus. In addition, we used polymerase chain reaction to identify whether genes for GLUT5, a fructose transporter, and ketohexokinase, which is responsible for the first step in the metabolism of fructose, are expressed in the hypothalamus. Principles of laboratory animal care were followed, and experimental protocols were approved by the Yale University Institutional Animal Care and Use Committee (methods used in the animal experiments are detailed in the eMethods).
RESULTS

Hypothalamus Region-of-Interest Analysis: Hypothalamic CBF Response to Glucose vs Fructose Ingestion
Although there was no difference in baseline hypothalamic CBF between the glucose and fructose conditions ( 1A) .
Metabolic and Hormone Responses
Baseline levels of plasma glucose, fructose, insulin, GLP-1, PYY, leptin, ghrelin,andlactatewerenotdifferentbetween the glucose and fructose conditions ( Figure 1B and C) , and GLP-1 (2.1 pmol/L [95% CI, 0.90-3.2]; P=.01) concentrations compared with fructose ingestion, whereas plasma fructose, lactate, and PYY levels were greater after fructose ingestion compared with glucose ingestion ( Table 2 ). Levels of leptin and ghrelin were not significantly dif-ferent following ingestion of fructose compared with ingestion of glucose.
Whole-Brain Regional CBF and Connectivity Reponses and Neuroendocrine Correlations
As shown in FIGURE 2 and eTable 1, regional CBF within the hypothalamus, thalamus, insula, anterior cingulate, and striatum was significantly reduced after glucose ingestion compared with baseline (P Ͻ .05 significance threshold, 2-tailed FWE whole-brain corrected). In contrast, fructose produced a significant reduction in regional CBF in the thalamus, hippocampus, posterior cingulate cortex, fusiform gyrus, and visual cortex (PϽ.05 significance threshold, 2-tailed FWE whole-brain corrected) compared with baseline. Glucose ingestion (compared with baseline) increased functional connectivity between the hypothalamus (the seed region) and the thalamus, caudate, and putamen (FIGURE 3 and eTable 2) , whereas fructose ingestion resulted only in increased connectivity between the hypothalamus and thalamus (P Ͻ .05 significance threshold, FWE wholebrain corrected). When whole-brain contrast maps were directly compared between fructose and glucose sessions, no differences remained significant following correction for multiple comparisons.
Changes in levels of plasma insulin, but not of other hormones, correlated with changes in regional CBF in the caudate and putamen motivation/reward regions in response to glucose ingestion (r=Ϫ0.62, P=.005) (FIGURE 4) . There was no correlation between changes in glucose or hormone levels with changes in regional CBF in response to fructose ingestion.
Behavioral Ratings
There was no significant difference between glucose vs fructose ingestion on predrink-postdrink changes in hunger (mean difference, 0. 7.0 to 37.0) mg/dL (to convert to mol/L, multiply by 55.506) (P Ͻ.01) (eFigure). This was accompanied by an increase in the mean concentration of fructose in dialysis fluid obtained from the ventromedial hypothalamus from 0.13 (95% CI, 0.1 to 0.2) mg/dL to 0.30 (95% CI, 0.2 to 0.4) mg/dL (P Ͻ.02). Neither plasma nor ventromedial hypothalamus microdialysate fructose concentrations changed during infusion of saline. Both GLUT5 and ketohexokinase mRNA were expressed in the hypothalamus as well as in the liver and kidney (positive controls) but not in the negative control lacking template RNA.
COMMENT
Increases in fructose consumption have paralleled the increasing prevalence of obesity, and high-fructose diets are thought to promote weight gain and insulin resistance. [1] [2] [3] 20, 21 In this study, ingestion of glucose but not fructose reduced cerebral blood flow and thus activity in specific brain regions that regulate appetite and reward processing. In keeping with these data, ingestion of glucose but not fructose produced increased ratings of satiety and fullness.
Our results showing a reduction in hypothalamic CBF in response to glucose ingestion are consistent with prior fMRI studies in healthy volunteers, which observed a decrease in hypothalamic activity in response to ingestion of glu-cose [13] [14] [15] 22 or a liquid meal, 23 a finding posited to reflect a central biomarker of satiety. Although 1 recent fMRI study did not detect significant changes in hypo-thalamic activity during intravenous administration of glucose or fructose, 24 this could be related to the small sample size, the mode of delivery, or both, because 
After glucose ingestion
After fructose ingestion A, Regional cerebral blood flow (CBF) response to glucose ingestion. B, Regional CBF response to fructose ingestion. The images represent paired t tests for postdrink vs baseline for 20 participants. The blue regions identify the areas in the brain with significantly decreased regional CBF after glucose or fructose ingestion compared with baseline. There were no brain regions with increased regional CBF after either fructose or glucose ingestion. Significance threshold set at PϽ.05, 2-tailed, family-wise error whole-brain corrected. Z is defined from top to bottom on the Montreal Neurological Institute (MNI) atlas with the origin passing through the anterior commissure-posterior commissure (AC-PC) line. MNI coordinates were used to define brain regions. Abbreviations: AUC, area under the curve; GLP-1, glucagon-like polypeptide 1; PYY, peptide YY. SI conversion factors: To convert glucose values to mmol/L, multiply by 0.0555; fructose values to mol/L, multiply by 55.506; insulin values to pmol/L, multiply by 6.945. a Plasma concentrations of metabolites and hormones after ingestion of 75-g glucose and fructose drink. Note that peak suppression of plasma ghrelin is shown in response to glucose and fructose drink and that AUC for ghrelin and leptin are not presented because ghrelin and leptin levels decreased in response to ingestion of glucose and fructose. b For comparisons of mean peak fructose vs glucose levels.
orally administered glucose has been shown to inhibit hypothalamic activity more effectively than an intravenous glucose infusion. 22 In our whole-brain analyses, glucose ingestion produced a reduction in CBF within the thalamus, insula, anterior cingulate, and striatum as well as the hypothalamus-brain regions that act in concert to "read" the metabolic state of an individual and drive motivation and reward.
Brain responses markedly differed following ingestion of an equivalent amount of fructose. Not only did fructose fail to diminish hypothalamic activity, but it instead induced a small, transient increase in hypothalamic activity, a response similar to insulininduced decrements in levels of circulating glucose. 25 Furthermore, unlike glucose ingestion, fructose ingestion did not result in deactivation of the striatum. Hypothalamic and striatal deac- A, Axial brain slice representing averaged data for 19 participants. Pink regions illustrate brain areas with a change in regional cerebral blood flow (CBF) that correlated with the change in plasma insulin levels after glucose ingestion. Montreal Neurological Institute (MNI) coordinates were used to define brain regions. B, Corresponding scatterplot showing the correlation between change in plasma insulin levels and the change in regional CBF to the left caudate and putamen following glucose ingestion for the 19 participants. The solid line in the scatterplot corresponds to the regression line (line of best fit). Difficulties with blood sampling in 1 participant limited analysis to 19 participants. To convert insulin values to pmol/L, multiply by 6.945.
tivation occur when initially hungry individuals reach satiety. 23, 26 Of note, fructose ingestion reduced CBF in the hippocampus. The hippocampus not only plays an important role in memory function but also influences emotional responses to food intake, 27 and in rodents this brain region was found to inhibit appetitive behavior. 28 Homeostatic and hedonic brain regions are tightly interconnected and form an integrated network that dictates feeding behavior. Functional connectivity analyses were performed using the hypothalamus as a seed region to determine its functional connectivity to other brain regions implicated in food motivation and reward. Brain regions with an MRI signal response that was temporally and thus functionally correlated with the hypothalamic response to glucose ingestion were the thalamus, caudate, and putamen, whereas fructose ingestion resulted only in increased connectivity between the hypothalamus and thalamus but not the striatum. These findings suggest that ingestion of glucose, but not fructose, initiates a coordinated response between the homeostatic-striatal network that regulates feeding behavior.
It is notable that functional connectivity increased throughout the network, whereas regional CBF decreased within the network components. More commonly, increases in functional connectivity are accompanied by increases in blood oxygen leveldependent signal, which in turn is accompanied by increases in regional CBF. Note that changes in synchrony do not have to be directly coupled to local changes in flow or metabolism. There also could be an overall net reduction in connectivity to other circuits that is diffuse and thus subthreshold in concert with this increase in connectivity within these highly localized circuits. Recent work has focused on variable rates of aerobic glycolysis in different brain regions, and it is possible that modifications in the rate of aerobic glycolysis under these different conditions could account for these signal changes. 29 Our neuroimaging findings are consistent with animal studies reporting that the central administration of fructose provokes feeding in rodents, whereas centrally administered glucose suppresses food intake. 12 For fructose to exert such effects under physiological conditions it must first cross the blood-brain barrier and be metabolized. We used microdialysis to measure fructose concentrations in dialysate samples obtained from ventromedial hypothalamus extracellular fluid after peripheral infusion of fructose in rats. Fructose levels in ventromedial hypothalamus dialysate samples immediately increased after the start of the peripheral fructose infusion. Given the relatively low efficiency of fructose extraction by microdialysis, it is likely that higher concentrations of fructose reached the brain and thus could potentially directly act to influence brain homeostatic responses. Furthermore, the hypothalamus was found to express both Glut5 and ketohexokinase mRNA, the necessary cellular machinery for fructose metabolism. Our findings are consistent with studies showing that fructose is metabolized in hippocampal microglia 30 and neurons in the cerebellum 31 and demonstrate the capacity of fructose to cross the blood-brain barrier 32, 33 into the hypothalamus, where it can be metabolized and used as an energy source.
As anticipated, 10,11 fructose ingestion caused a smaller increase in levels of plasma glucose, insulin, and GLP-1 than glucose ingestion. Levels of plasma fructose and lactate, on the other hand, increased to higher levels following fructose ingestion. Similar fructose increases have been reported in healthy volunteers who consumed fructose loads between 0.5 and 0.75 g/kg 34 and in individuals who consumed fructose-sweetened beverages with mixed meals. 35 Leptin and ghrelin levels were indistinguishable following acute ingestion of glucose or fructose, a finding possibly attributable to the short time interval of observation; leptin levels typically change 4 to 6 hours after glucose administration. 36 Although fructose was previously reported to be less effective than glucose in suppressing ghrelin, such differences may be attributable to the different conditions and timing of ghrelin measurements. 10 Little is known about the acute PYY response to fructose ingestion compared with glucose ingestion, although 1 study in rats found higher rather than lower PYY levels after 24 hours of glucose but not fructose feeding. 11 Whether such disparities are related to study design or species differences remains uncertain.
Higher plasma insulin levels were correlated with decreased regional CBF in the striatum following glucose but not fructose ingestion. This finding supports animal studies showing that insulin acts centrally to reduce the reward properties of food 37 and suggests that the human striatum may be responsive to hyperinsulinemia.
Limitations
The fMRI technology used provides an exploratory method to evaluate changes in neuronal activity associated with local changes in blood flow and blood oxygenation. It does not provide a direct measure of neuronal activity, and it cannot localize the activation of specific neurons. Instead, hemodynamic changes are localized to brain regions referred to as voxels or volume units of brain tissue. Small brain structures, such as the hypothalamus, require a large change in blood flow to detect significant differences between conditions. In region-of-interest analysis, we found that glucose and fructose produced significantly different hypothalamic responses, and we observed that different brain regions were responding to fructose and glucose ingestion in whole-brain contrast mapping performed separately for each sugar. When whole-brain contrast maps were directly compared between fructose and glucose sessions, fructose ingestion produced greater activation in the hypothalamus and striatum, but these regions did not survive whole-brain correction analysis. It should be em-phasized that the clinical implications of the fMRI-based outcomes reported in this exploratory study remain to be determined.
